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http://dxObjectives:Neuroprotection is of paramount interest in cardiac surgery. Right axillary artery cannulation is well
established in aortic surgery because it significantly improves survival and outcome, but malperfusion of the
right brain after direct cannulation has been reported. Anatomically, 4 vessel segments are potentially amenable
for cannulation of the subclavian and axillary arteries. Clinical studies vary widely in dissection sites and can-
nulation techniques. We investigated critical flow dynamics in the right brain caused by arterial inflow after di-
rect cannulation and specified cannulation positions that provide optimal cerebral perfusion.
Methods: Distances from the lateral margin of the axillary artery and the subclavian artery to the origin of the
vertebral artery were measured in 14 human corpses by a flexible ruler. We calculated the hemodynamics within
the vertebral artery, depending on different positions of the cannula tip, in a computer-calculated model.
Results: The mean distance from the axillary artery to the vertebral artery was 8.5 cm, and the mean distance
from the subclavian artery to the vertebral artery was 6.7 cm. Computed flow calculations demonstrated reversed
flow in the vertebral artery when the cannula tip was positioned too close to its orifice. To ensure safe supra-
aortic flow, a cannula can be inserted securely up to 6.0 cm into the axillary artery and 4.2 cm into the subclavian
artery.
Conclusions: Direct cannulation of the right axillary artery can lead to cerebral malperfusion, caused by an ob-
struction of the vertebral artery’s orifice by the arterial cannula or a subclavian steal phenomenon due to flow
reversal. The safety of direct axillary artery cannulation can be improved by a well-considered dissecting site
and insertion length of the cannula. (J Thorac Cardiovasc Surg 2013;146:467-71)The subclavian artery (SA) is increasingly used for arterial
inflow in surgery of the ascending aorta and aortic arch be-
cause neurologic complications and mortality1-3 can be
reduced. Until now, the optimal cannulation technique has
been under debate.1
Further decrease of neurologic impairment has been re-
ported by several groups using a side graft for cannulation
of the SA.4-7 However, in these studies cannulation of the
axillary artery (AA) and SA was performed without
discriminating the results related to either cannulation
site. Moreover, the types of cannulas used, insertion
techniques (eg, routine use of a guidewire or not), and
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MAs shown in Figure 1, there are 4 anatomically defined
segments potentially amenable for cannulation of the SA
or AA: (1) the distal segment of the SA, which is located be-
tween the clavicle and the first rib; (2) the proximal segment
of the AA, defined by the lateral margin of the first rib to the
medial margin of the minor pectoralis muscle; (3) the mid-
dle segment of the AA (vessel part dorsal the minor pector-
alis muscle); and (4) the distal segment of the AA (lateral
margin of the minor pectoralis muscle to the lower margin
of the major pectoralis muscle).
The classic surgical exposure of the distal SA and the
proximal AA is achieved by an access parallel to the clav-
icle.8 When dissecting the distal segment of the SA just
beneath the major pectoralis muscle, the tip of a directly
inserted cannula may come in close proximity to the ori-
fice of the vertebral artery (VA). Because of the flexibility
of the surrounding tissue in this area, it is difficult to mea-
sure the distance to the VA exactly once the vessel is
looped and tension is exerted to expose the artery. Within
the segment of the VA’s origin, the SA changes its course
from central upward to outward and downward. This fact
might aggravate local flow disturbance when the tip of the
arterial cannula is positioned within this potentially criti-
cal area.
We performed the present study to analyze critical flow
dynamics in the right supra-aortic vessels caused by AA in-
flow after direct cannulation. Our aim was the specificationrdiovascular Surgery c Volume 146, Number 2 467
Abbreviations and Acronyms
AA ¼ axillary artery
SA ¼ subclavian artery
VA ¼ vertebral artery
WSS ¼ wall shear stress
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Mof the optimal vascular dissection site to provide safe cere-
bral perfusion.MATERIAL AND METHODS
Anatomic Study
Our anatomic investigations were performed in the Institute of Func-
tional and Clinical Anatomy of the University Medical Center of the Jo-
hannes Gutenberg-University in Mainz, Germany. According to the
described anatomic segmentation of the SA and AA shown in Figure 1,
we measured the following distances in 14 cadavers of whole body dona-
tors (7 female and 7 male specimens). All donators gave their bodies with
written informed consent at lifetime to the Institute of Functional and Clin-
ical Anatomy for educational and research purposes. The cadavers were
fixed by arterial perfusion through the femoral artery with 1.2% formalde-
hyde and alcohol and stored in an embalming facility.
Surgical access was imitated by subclavicular incision. After dissection
of the skin and the overlying structures, the vessels were measured with
a flexible ruler in situ unstretched because we used fixed corpses with lim-
ited tissue elasticity. The measurement protocol comprised the distances
between the VA’s origin to the end of the SA and the end of the distal seg-
ment of the right AA.
Computer Model for Hemodynamic Calculations
The Helmholtz-Institute for Biomedical Engineering of the Rheinisch-
Westf€alische Technische Hochschule in Aachen, Germany, created a 3-di-
mensional model of the cardiovascular system for flow dynamic evaluation,
based on computed tomography and magnetic resonance imaging data.
These data were collected in our clinic from a voluntary proband (one of
the investigators). By a division of this geometric figure into approximately
4.5 million small tetrahedron volumes, a calculation mesh was generated
within the model. Walls were modeled by triangles, and flow equations
were subsequently performed in each unit. The position of the cannula
tip varied to estimate changes of flow in the VA.
A flow of 2.5 to 3.0 L/m2/min through the arterial cannula was hypoth-
esized for arterial inflow of regular extracorporeal circulation (in contrast to
low flow settings, eg, selective antegrade cerebral perfusion). Blood was
considered a non-Newtonian fluid. The stream was regarded as turbulent
because of the pipe flow within the arterial cannula, and a fixed systemic
pressure of 55 mm Hg was assumed.
The blood flow in the cardiovascular system is laminar for regular flow
conditions. However, the flow close to the cannula tip is turbulent, because
the Reynolds number in this region increases far more than 2000. Under
simulated conditions (approximate values), the Reynolds number can be
calculated as follows:>Re ¼ rho $ v $ d/ny ¼ 6306.7
Density of the blood (rho) ¼ 1056 kg/m3
Maximum velocity (v) ¼ 4.3 ms
Diameter of the cannula (d) ¼ 0.005 m
Dynamic velocity of the blood (ny) ¼ 0.0036 Pa/s.
Because the cannula tip is the main region of interest concerning this
study, the shear stress transport turbulencemodel was chosen. Furthermore,
the results in terms of total flow in the cardiovascular system do not vary
with laminar or turbulent model assumption. This has a stronger effect
on wall shear stress (WSS) due to energy loss of the fluid based on wrong468 The Journal of Thoracic and Cardiovascular Surgturbulence assumptions in case of laminar flow or the effect of turbulent
WSS for high/turbulent conditions. BecauseWSSwas not part of the inves-
tigations of this study, the assumption of a shear stress transport turbulence
model for the whole system is acceptable.
For analysis, the computer software ANSYS CFX 11.0 (Ansys Inc, Ot-
terfing, Germany) was used. This software has been used for other cardio-
vascular research concerning hemodynamics and blood flow patterns.9-13
Supra-aortic flow was considered to be safe if there was no blockage of
the VA’s orifice or negative intravascular mass flow (Figure 1).
RESULTS
Anatomic Study
The average distance between the end of the distal seg-
ment of the right AA and the VA’s origin was 8.2 cm
(0.69 cm) in female subjects and 8.7 cm (0.80 cm) in
male subjects. The minimum distance was 7.2 cm.
The mean distance from the end of the SA to the VA or-
igin was 6.0 cm (0.50 cm) in female subjects and 6.5 cm
(0.91 cm) in male subjects. The minimum was 5.6 cm in
female and male corpses. However, the observed differ-
ences between the measurements in female and male corp-
ses were not statistically significant. The anatomic
measurement data are summarized in Table 1.
Computer Model for Hemodynamic Calculations
Figure 2 shows a graphic illustration of our flow dynamic
calculations depending on the proximity of the cannula tip
to the orifice of the VA. Position 1 demonstrates that partial
blocking of the right VA can lead to a negative intravascular
mass flow and therefore to a steal phenomenon. Contrary to
this, a more lateral position of the cannula (position 2)
seems to lead to an improved supra-aortic perfusion. The
mass flow (liters/minute) within the right VA depending
on the distance between the cannula tip and the VA’s origin
is shown in Figure 3. Calculations for the right carotid artery
point out a slight hyperperfusion compared with aortic
cannulation.
Discussion
The present study was undertaken to specify safe cannu-
lation sites with optimal cerebral perfusion after direct AA
cannulation. We measured a mean distance of 8.5 cm from
the AA and 6.7 cm from the SA to the origin of VA. Critical
flow dynamics in the right supra-aortic vessels could be ob-
served if the tip of the arterial cannula was in close position
to the VA’s origin or if it blocked the VA’s orifice. Although
selective cerebral perfusion through AA cannulation has
proven advantages by reducing neurologic complications
and mortality in aortic arch surgery,1-3 the technique of
AA cannulation itself seems to have an impact on
neurologic outcome.5-7 Many groups prefer to anastomose
a side graft to the artery. We routinely use this technique
if extracorporeal membrane oxygenation support is
needed in patients with cardiac and respiratory
failure. However, we and others observed a relativeery c August 2013
FIGURE 1. Anatomic preparation of an 80-year-old subject. Dissection
and arterial cannulation of the distal segment of the right AAwith its rela-
tion to the VA (red pin), brachial plexus, and minor pectoralis muscle (mar-
gins are marked by solid lines). The cannula is inserted into the distal AA.
The dashed lines describe the course of the SA. Because the major pector-
alis muscle is not divided from the clavicle, the distal segment of the SA is
hidden. BP, Brachial plexus; dAA, distal segment of the right axillary
artery; mAA, middle segment of the right axillary artery; mPM, minor
pectoralis muscle; pAA, proximal segment of the right axillary artery;
SA, subclavian artery; VA, vertebral artery.
FIGURE 2. Changes of the intravascular flow dynamics within the right
VA depending on 2 different positions (position 1 ¼ upper figure and
2 ¼ lower figure) of the arterial cannula tip within the right SA, right
VA, and right carotid artery. The color of the arrows shows the velocity. Po-
Hillebrand et al Perioperative Managementhyperperfusion of the right arm in some cases, usually when
the artery had a small caliber. This indicates that flow
distribution to the body is uncertain once a double outflow
is created, and thus effective body perfusion might be
reduced.
This problem could be avoided by the direct cannulation
technique, and at least for the duration of a complicated sur-
gical procedure, there are no reports of serious ischemia of
the cannulated arm. The collateral system in this area is
strong, so critical malperfusion is not anticipated. However,
arterial cannulation via a side graft might reduce the risk for
local complications.6 We prefer direct cannulation of the
AA. Cases of severe sclerosis prohibiting direct cannulation
are rare. If direct insertion is not feasible, cannulation is at-
tempted with the help of a guidewire and abandoned if the
risk of trauma to the vessel is too high.
Our flow dynamic computer model provides new infor-
mation regarding the perfusion characteristics of the rightTABLE 1. Distances of different arterial cannulation sites to the
orifice of the right vertebral artery
n Minimum Maximum Mean ± 95%
dAA (total) 14 7.2 9.8 8.5
dAA (male) 7 7.6 9.8 8.7 0.80 7.92-9.40
dAA (female) 7 7.2 9.0 8.2 0.69 7.61-8.88
SA (total) 14 5.6 7.8 6.7
SA (male) 7 5.6 7.8 6.5 0.91 5.70-7.39
SA (female) 7 5.6 7.0 6.0 0.50 5.57-6.49
Shown are the distances of different arterial cannulation sites to the origin of the right
VA.Measurements were taken in 14 human corpses (7 male and 7 female), and results
are presented in centimeters. dAA, End of the distal segment of the right axillary ar-
tery; SA, end of the distal segment of the right subclavian artery.
sition 1 demonstrates negative intravascular flow when the arterial cannula
is positioned within the orifice of the right VA. rCA, Right carotid artery;
rSA, right subclavian artery; rVA, right vertebral artery.
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MVA and SA. Because the right VA usually arises from the
SA,14 cases of a VA origin in the bifurcation of the brachio-
cephalic trunk were not taken into consideration and simu-
lated. Compared with direct aortic cannulation, a slight
hyperperfusion of the right carotid artery can be observed
during axillary inflow.
We simulated several perfusion scenarios with different
positions of the cannula tip that might occur after SA can-
nulation. Position of the cannula tip at the orifice of therdiovascular Surgery c Volume 146, Number 2 469
FIGURE 3. Intravascular mass flow (L/min) depending on different dis-
tances (mm) of the arterial cannula tip. Negative distance values mean
that the cannula’s tip is already positioned beyond the VA’s origin. The
data show that a negative intravascular mass flow within the right VA
can be observed when the cannula is directly positioned within the dexter
VA origin or beyond that.
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MVA may cause a steal phenomenon by reversing blood flow.
This model-based observation might lead to an imbalanced
cerebral perfusion and therefore be a reason for the neuro-
logic injuries observed in an in vivo15 or in vitro model.16
This potential danger might be aggravated in cases of close
proximity of the right carotid and VA. In 2008, Shin and co-
workers17 published a morphometric study that demon-
strated a distance between the right common carotid
artery and the right VA that ranged from 0.0 to 23.3 mm.
There are several other influencing factors, such as arterial
diameter, cannula size, and flow through the cannula that
have to be taken into account, but a detailed analysis of
all these factors or a calculation of all anatomic variations
with respect to their influence on vertebral flow was not
the aim of this study. It rather provides information concern-
ing the possibility of reversed vertebral flow for cannula po-
sitions too close to the VA in correspondence with clinical
experience.
The relationship between cannula size and artery is of
major importance. Under optimal conditions, the cannula
should be nearly the size of the artery, as assumed in the nu-
meric model. A larger cannula would reduce the jet effect
but cannot be used because of physiologic constraints. A
smaller cannula would cause an even stronger jet effect
and thereby most likely increase the effect of suction
from the VA. However, the numeric model provides the pos-
sibility to test novel cannula designs for their potential to
neglect the suction effect and thereby increase patient out-
come. This design development is currently ongoing.
An advantage of the SA cannulation in arch surgery is the
possibility of continuous cerebral perfusion1,18 and even the
avoidance of deep hypothermia.19 For surgery in patients at
high risk for cardiac or aortic emboli, subclavian cannula-
tion avoids embolization into the right brain and even limits
emboli to the left hemisphere.20 A burst of atheroemboli can470 The Journal of Thoracic and Cardiovascular Surgbe detected by transcranial Doppler during direct aortic can-
nulation.21 For both of these reasons, we started to use ax-
illary cannulation in patients with increased risk for
cerebral complications. In more than 100 such patients,
we were able to avoid major focal cerebral lesions.
The present investigation indicates that negative flow dy-
namics within the right VAmight be avoided by moving the
cannulation site laterally. Nevertheless, anatomic variation
of the Willis circle has to be taken into account as an impor-
tant influencing factor.22
Because the anatomic distance between the middle seg-
ment of the AA is more than 7 cm on average and at least
5.5 cm, a save position can be achieved by cannulation of
the AA at the minor pectoralis muscle and an insertion
length of 3 to 4 cm. The diameter of the artery still usually
allows insertion of an 18F cannula, keeping mean arterial
line pressure at 324 mm Hg even at pump flows at 3
L/min/m2. The lateral dissection is more direct and techni-
cally easier than the exposure of the distal SA segment. No
muscles have to be transected, the course is more superfi-
cial, there is less danger to the pectoral nerve, and the point
of encircling can be chosen medial or lateral to the minor
pectoralis muscle, wherever it is more convenient. The dis-
tal segment is in close proximity to the fasciculi of the bra-
chial plexus, but those can usually easily be dissected off
bluntly. We initially observed 2 patients with palsy of the
right hand in our series of more than 100 patients, but
when the problem became overt, more careful dissection
at these point avoided further complications of this kind.
In our series of distal subclavian cannulation, we observed
1 symptomatic transection of the pectoral nerve. The surgi-
cal technique, such as using a side graft or not, performance
of cannula insertion with or without guide wire, type of can-
nula, and position of the cannulation site, can have an
impact on neurologic complications.
Study Limitations
For our numeric calculation, the following limitations
must be considered: One important restriction of the de-
scribed setup is the model of rigid walls, so elastic vascular
tones cannot be considered. As a matter of principle, com-
pliance was therefore always neglected, which can lead to
imprecision. This shortcoming cannot be verified by exper-
imental testing, because walls are inelastic too. Moreover,
in vivo circumstances corresponding to our model-based
terms have to be proven.
The anatomic preparation does not exactly resemble the
surgical dissection, the amount of retraction of the artery af-
ter encircling with loops is especially difficult to measure.
However, measurements of the anatomic distances are pre-
cise. The diameter of the vessel is based on the reconstruc-
tion, which might affect the absolute but not the relative
flow values. Therefore, the results for the relative cannula
position are still valid.ery c August 2013
Hillebrand et al Perioperative ManagementFurthermore, the number of 14 examined corpses is too
low to make definite conclusions. Further investigations
should be undertaken to investigate the influence of the dis-
section site, insertion length of the cannula, and other fac-
tors on cerebral perfusion.CONCLUSIONS
Our anatomic and flow dynamic evaluations indicate that
an interference of the arterial cannula tip and the VA’s origin
might cause a subclavian steal phenomenon. Reversed in-
travascular blood flow can lead to cerebral malperfusion af-
ter direct SA or AA cannulation. A more protective arterial
inflow could be achieved by a more lateral insertion, close
to the middle segment of the AA. The avoidance of manip-
ulation of a sclerotic aorta and a washout of debris by the
reversed flow in the brachiocephalic trunk might be an ad-
ditional beneficial factor.References
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